Practical insights on enzyme stabilization by Silva, Carla et al.
REVIEW ARTICLE
Practical insights on enzyme stabilization
Carla Silvaa, Madalena Martinsa, Su Jingb, Jiajia Fuc and Artur Cavaco-Pauloa,b
aCentre of Biological Engineering (CEB), University of Minho, Braga, Portugal; bInternational Joint Research Laboratory for Textile and
Fiber Bioprocesses, Jiangnan University, Wuxi, China; cKey Laboratory of Science and Technology of Eco-Textiles, Ministry of Education,
Jiangnan University, Wuxi, Jiangsu, China
ABSTRACT
Enzymes are efficient catalysts designed by nature to work in physiological environments of living
systems. The best operational conditions to access and convert substrates at the industrial level
are different from nature and normally extreme. Strategies to isolate enzymes from extremophiles
can redefine new operational conditions, however not always solving all industrial requirements.
The stability of enzymes is therefore a key issue on the implementation of the catalysts in indus-
trial processes which require the use of extreme environments that can undergo enzyme instabil-
ity. Strategies for enzyme stabilization have been exhaustively reviewed, however they lack a
practical approach. This review intends to compile and describe the most used approaches for
enzyme stabilization highlighting case studies in a practical point of view.
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Industrial demands of enzymes
Major applications of enzymes are in industries of deter-
gents, food processing, animal nutrition, juice and fla-
vorings, cosmetics, medication, pharmaceuticals,
leather, silk, chemical, and for research and develop-
ment [1,2]. The industrial applications are only feasible
if catalysts are stabilized against temperature, extreme
pH, and in the presence of alkalis, acids, salts, and sur-
factants [3,4]. Major applications of enzymes are at high
temperature (e.g. washing at 60–70 C, starch gelatiniza-
tion at 100 C, textile desizing at 80–90 C), or may vary
depending on the substrate and product solubility and
stability. They can occur under high salt concentration
(food industry) and alkaline conditions and/or in the
presence of surfactants (detergents). Reactions can be
realized at gas–liquid interface (for reactions consuming
(e.g. O2) or producing (e.g. CO2) gas), liquid–liquid inter-
face for aqueous-organic two-liquid phase reactions
where organic phase is used as a carrier for the sub-
strate and/or product and in the presence of organic
solvents [3,5]. Hence, the need to stabilize enzymes
against thermodeactivation, deactivation in the pres-
ence of surfactants and alkaline pH is imperative [6].
Enzyme stability can be enhanced following different
routes which include strategies for stabilization in aque-
ous and non-aqueous environments.
Enzyme properties and the need of
stabilization strategies
Enzymes are protein molecules consisting of folded
polypeptide chains of amino acids that are essential to
perform an array of biological functions. The order of
these amino acids in a protein determines its tertiary
structure through molecular geometry and intramolecu-
lar chemical interactions [7,8]. Depending on the amino
acid composition, these proteins can incorporate both
acidic and basic functional groups, which play an
important role in their structure. Therefore, their expres-
sion can be related to resistance of unfolding forces
because of protein’s conformation results in a less sol-
uble state due to the occurrence of structural changes,
aggregation, and/or precipitation [9]. Enzyme’s solubil-
ity can change as their structure undergoes modifica-
tions resulting from the exposure of different residues
to the surrounding environment. A few of the remark-
able features of enzymes are their functional diversity
and versatility derived from each constituent amino
acid having a different side chain with a specific chemis-
try and polarity, and from flexible and numerous ways
in which polypeptide chains can fold.
Enzymes undergo a variety of denaturation reactions
during production, storage, and their application in
industry. Denaturation is the unfolding of the tertiary
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structure of the enzyme to a disordered polypeptide in
which key residues are no longer aligned closely
enough to continue the participation in functional or
structure stabilizing interactions [3]. If the denaturing
influence is removed this tendency can be reversed.
Enzymes must be formulated in order to maintain
proper folding to perform their biological functions
[10–12]. Their integrity under extreme conditions might
involve high excipient concentrations [11] whose inter-
actions are aided by several forces, such as hydrogen
bonds, solvation forces, electrostatic, Van der Waal
forces, amongst others [13–15]. These interactions can
be controlled through screening of the charge by
increasing the salt concentration of the solution or by
changing the charge density on the surface [16,17].
Generally, at low ionic strength, the observed adsorp-
tion is to be maximumal at the isoelectric point [18],
whereas the unfolding of the tertiary structure of pro-
tein reaches a maximum because of the large intramo-
lecular electrostatic repulsion, as observed in Figure 1(a)
[19,20]. The unfolding of the tertiary structure is greater
at pH 11.5 which is its isoelectric point (pI). Proteins
have low solubility at pI, because the effective charge
of the molecule is zero (Figure 1(b)) and with decreased
repulsion and electrostatic interaction between the mol-
ecules, they form clumps that tend to precipitate. In
contrast, the adsorption efficiency decreases as pH
increases, since the particles and protein repel each
other due to repulsive charges, both having a negative
charge [20,21].
The achievement of stable and active enzymes is
often a challenging effort because they have not
evolved naturally to be used in industrial environments.
Their biological activity depends on the three-dimen-
sional native structure, hence catalytically active, and
any significant conformational change can lead to their
inactivation [12]. Manifestations of enzyme instability
arise from aggregation, loss of biological functionality,
and exposure to extreme conditions or even slight var-
iations of temperature or pH, that can induce abrupt
conformational changes and subsequent loss of their
biological activity [22]. A number of enzyme-based
processes have been commercialized for producing
valuable products, however despite their great potential
they have been hampered by undesirable stability, cata-
lytic efficiency, and low specificity. For this reason, the
exploitation of methodologies for enzyme stabilization
is imperative for the progress in biotechnology and for
potential protein-templates discovery (Figure 2).
Along this review, practical insights related with
enzyme stabilization, highlighting experimental aspects
for each methodology developed will be provide. This
Figure 1. Illustration of (a) electron density profiles perpendicular to the air/water interface for lysozyme injected into buffer solu-
tions with pH 3 and pH 11.5 (pI) (adapted from Yano et al. [19]); (b) net charge enzyme as a function of pH (adapted from
Pihlasalo et al. [142]); topdown image shows the effect of several physical and biological agents responsible for denaturation with
the respective target sites and the corresponding effects on enzymes.
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will be described along the text and practical examples
will be specified in Table 1.
Enzyme-stabilization strategies
Screening and isolation of enzymes from
extremophiles
The interest in extremophiles stems from their surpris-
ing properties being superior to traditional catalysts
and allowing the performance of industrial processes
under harsh conditions in which conventional proteins
are denaturated. There has been extensive research on
the structural proteins and key metabolic enzymes that
are responsible for the organisms’ unusual properties.
Recent research has focused on the identification of
extremozymes relevant for industrial biocatalysis
[23,24].
Extremophiles are organisms that have evolved to
exist in a variety of extreme environments and fall into
a number of different classes that include thermophiles,
acidophiles, alkalophiles, psychrophiles, and barophiles
(piezophiles) and others. They can survive at high and
low temperatures (5 to 130 C), extreme pH (0–12),
high salt concentrations (3–35%), and high pressure
(1000 bar). They have adapted to thrive in ecological
niches such as deep-sea hydrothermal vents, hot
springs, and sulfataric fields [25]. As a result, these
microorganisms produce unique biocatalysts that func-
tion under conditions in which their mesophilic coun-
terparts could not survive, permitting the development
of additional industrial processes [24,25]. Many
interesting enzyme classes that are active and stable
under extreme conditions have been used to maximize
reactions in the food and paper industry, detergents,
drugs, toxic waste removal, and drilling for oil. These
enzymes can be produced from the thermophiles
through either optimized fermentation of the microor-
ganisms or cloning of fast-growing mesophiles by
recombinant DNA technology. It has been found that
psychrophilic enzymes can assist enhance yield of heat-
sensitive products, halophilic enzymes that are stable in
high salt concentrations serve as models for biocatalysis
in low-water media and thermophilic enzymes that are
highly resistant to proteases, detergents, and chaotropic
agents, which may also afford resistance to the effects
of organic solvents. Within these enzyme classes are
included: esterases/lipases, glycosidases, aldolases, nitri-
lases/amidases, phosphatases, and racemases [24,25].
The most evident examples of the success of extremo-
philes, used in industrial large scale, are the starch
degrading enzymes, a-amylases [26]. Lipases and pro-
teases, which are resistant to high temperatures, have
also been the subject of study. In the textile industry,
extremophilic enzymes find applications in several proc-
esses ranging from fiber preparation to finishing and
subsequent laundering of textiles (see Table 1:
Examples 1, 2, 3).
Engineering of enzymes
In the past, an enzyme-based process was designed
around the limitations of the enzyme. Currently, the
enzyme is engineered to fit process specifications [27].
Figure 2. Schematic representation of different enzyme stabilization methodologies.
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Protein engineering is the design and construction of
novel proteins, usually by manipulation of their genes.
The rational protein design or direct evolution allows
the alteration of enzyme properties to meet the limita-
tions in their applications [28]. Rational design uses
structural and mechanistic information together with
molecular modeling for the prediction of changes in
the protein structure in order to alter or induce the
desired properties. Advances in computer technology
have helped to create better protein models to improve
predictions for rational design, but structure–activity
relationships are still not trivial. In directed evolution,
mutant libraries are created by random changes,
screened for the desired property and the variants
showing promising results are subjected to further
rounds of evolution. More researchers today employ
combined methods of these two strategies, called
focused-directed evolution and semi-rational design
[29,30]. The advances in genomics, proteomics, and
informatics have been creating new opportunities to
exploit a large amount of biological data [31–33].
The increased industrial requirements relate to the
use of biocatalysts in aggressive non-natural media like
organic solvents, ionic liquids, and physiologic fluids.
This has led to the development of novel strategies to
develop enzymes with improved performances [34].
Improving the activity of an industrial enzyme is often a
primary goal. This is partly because naturally available
enzymes are usually not optimally suited for many proc-
esses in industrial applications. Many enzymes used in
the textile industry, such cellulases, amylases, lipases,
and even proteases, act on insoluble substrates.
Therefore, the rate of substrate turnover may be limited
by diffusion, and controlled by enzyme mobility at the
surface or by on/off enzyme desorption rates [35].
These, in turn, are often related to the surface proper-
ties of the enzyme and the conditions at the interface
between the enzyme and substrate [36]. The experi-
mental results from several site-directed variants with
structural modeling of fungal lipase from Rhizopus ory-
zae have provided much insights into the molecular
mechanism(s) of catalysis [36]. Substitutions at Glu87
and Trp89 in the lid region have been suggested to
alter the activity of the lipase from Humicola lanuginosa
(lipolase) [37]. Cellulases and xylanases have become a
major focus in recent years due to their ability to pro-
vide the soft feel of stone-washed jeans in textile proc-
essing, fabric care benefits (such as color crispness)
when used in laundry detergents [38], and reduction of
the quantity of chemicals required for bleaching in the
pulp and paper industry, thereby minimizing environ-
mental impact [39]. Tyr169 in the Trichoderma reesei cel-
lobiohydrolase II catalytic domain plays an important
role in distorting the glucose ring into a more reactive
conformation [40]. Some other relevant examples of
enzyme engineering are given in this review in Table 1.
Functionalization of enzymes
Covalent chemical modification has emerged as a
powerful alternative to site-directed mutagenesis and
direct evolution for tailoring enzymes. Chemical modifi-
cation of amino acid sidechains allows a greater, almost
unlimited, variety of groups to be introduced, but the
reactions used for their introduction are typically non-
specific in nature. Thus, despite many potential advan-
tages, several classical methods used for protein
modification create mixtures of proteins as a result
of poor discrimination or insufficiently efficient
chemistry [41].
A vast number of nonspecific modifications has been
reviewed during the last decades. As examples, we
highlight the introduction of hydrophobic and hydro-
philic groups into chymotrypsin which stabilize the
enzyme against thermal denaturation [42]. The nonspe-
cific modification, as judged by 2,4,6-trinitrobenzenesul-
fonic acid (TNBS) titration, of amines in Candida rugosa
lipase (CRL) with benzyloxycarbonyl (Z), Z-NO2, lauroyl,
and acetyl-enhanced enantioselectivity in lipase-
catalyzed esterification of 2-(4-substituted phenoxy)pro-
panoic acids with n-BuOH in isopropyl ether [43].
Phosphorylation, glycosylation, and farnesylation are
also examples of enzyme modifications modulating
their catalytic activity [44]. The chemical modification of
cellulose by maleic anhydride and N-bromosuccinimide
was attempted to improve detergent stability [45].
Glutaraldehyde crosslinking and pegylation of
enzymes surface have been other strategies to enhance
biocatalyst stability [46]. The use of glutaraldehyde was
firstly reported by Quiocho and Richards [47] and has
triggered a series of improvements on highly stable
CLECs (insoluble crosslinked enzyme crystals). This tech-
nology involves the crosslinking of enzyme microcrys-
tals with bifunctional reagents, such as glutaraldehyde
[41,46,48]. The behavior of several enzymes, normally
used for textile finishing, modified by glutaraldehyde,
such as the formation of dimers and higher oligomers
and the production of enzymatic aggregates with pre-
served activity, was studied by Silva et al. [49] (see
Table 1 for other examples).
Pegylation is a broadly used strategy characterized
by the modification of a protein or peptide by the link-
ing of one or more methoxy polyethylene glycol chains,
a nontoxic and nonimmunogenic polymer. Pegylation
changes the physical and chemical properties of the
biomolecule, such as its conformation, electrostatic
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Table 1. Enzyme stabilization strategies (practical applications).
Stabilization strategies Enzyme How to… Effect Application References
Screening and isola-
tion of enzymes
from extremophiles
Amylase Acidophile, thermophile and
psychrophile/
Increase oxidative stability Desizing of cotton [116,117]
Protease Thermophile, psychrophile,
halophile, alkaliphile
Shrinkage reduction;
improved dyeability
Degumming of silk and
production of sand wash
effect
[118–121,123]
Esterase Thermophile Depilling and improvement
of dyeing of polyester
fibers
Polyester hydrolysis and
depolymerization; ring-
open polymerization
[112–125]
Engineering of
enzymes
Cutinase Fusion of cutinase with two
CBM (cellulose-binding
models)
Modify acetate cellulose
fibers and increase
hydrophilicity
Surface modification of
acetate cellulose fibers
[126]
Cutinase Genetic modification by site-
directed mutagenesis
Enhance activity towards
synthetic fibers (polyester
and polyamide)
Synthetic fibers modification [127]
Protease Construction of a recombin-
ant protein with subtilisin
E and elastin-like polymer
Increase the molecular
weight of subtilisin E to
use as alternative to
chlorine treatment of
wool
Alternative method to chlor-
ine treatment of wool
[121]
Laccase Site-directed mutagenesis in
four phenylalanine near
the active site
Increase oxidation of
phenolics
Phenolics oxidation for poly-
merization; textile waste
water treatment
[128]
Xylanase XT6 Directed evolution and site-
directed mutagenesis
52 increase in thermal sta-
bility; Kopt increase by 10 C;
catalytic efficiency increase
by 90%
Biobleaching [129]
Functionalization of
enzymes
Laccase PEGylation of laccase with
mPEG in presence of
cianoborohydride
Improve stability and cata-
lytic activity
Polymerization of phenolics;
bioremediation
[50]
Glucose-oxidase PEGylation of GOx followed
by controlled chemical
modification with
glutaraldehyde
Using this stabilization strat-
egy, size increases and
aggregation due to inter-
molecular crosslinking are
avoided; PEGylated
enzyme retains 73% ori-
ginal activity after 4
weeks at 37 C (vs. 8.2%
retention for control).
Enzymatic bleaching of cot-
ton; hydrogen peroxide
generation
[54]
Immobilization of
enzymes
a-amylase Chemical cross-linking of
enzyme aggregates with
amino functionalized
magnetite nanoparticles
(CLEAs)
Enhance thermal and stor-
age stability; Free
enzyme:
Km¼ 0.93 ± 0.014
Vmax¼ 85 ± 0.11; mag-
netic CLEAs:
Km¼ 0.21 ± 0.019
Vmax¼ 81 ± 0.27
Desizing of cotton [61]
b-glucosidase Covalent immobilization of
b-1,4-glucosidase from
Agaricus arvensis onto
functionalized silicon
oxide nanoparticles
Immobilized enzyme:
Kl¼ 3.8 lM, Vmax¼ 3347
(lmolmin1);
soluble enzyme:
Km¼ 2.5mM,
Vmax¼ 3028lmolmin1
mg1
Lignocellulose hydrolysis [130]
Laccase Laccase formulation was
immobilized on modified
green coconut fiber silan-
ized with 3-glycidoxypro-
pyltrimethoxysilane
Increase affinity and activity
to the substrate
Textile waste water
treatment
[131]
Protease Esperase, was covalently
linked to Eudragit S-100,
a reversible soluble–insol-
uble polymer by carbodii-
mide coupling
Increase thermal stability Wool shrink-resist finish
of wool
[132]
Laccase Laccase was immobilized
onto polyamide 6.6 fibers
Increase stability on textile
surfaces
Waste water treatment [133]
Candida antarctica
lipase B (CALB)
Immobilization on macropo-
rous resin of poly(methyl
methacrylate
Catalyze organic chemical
reactions
Polyester synthesis by ring-
opening polymerization
of various lactones and
polycondensation reac-
tions of diacid/diol
substrates
[134]
(continued)
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binding, size, and hydrophobicity, improving the cata-
lytic behavior of enzymes and their stability in aqueous
media. The greatly expanded hydrodynamic volume of
the PEG–enzyme conjugate resulting from mPEG ability
to coordinate water molecules can be responsible for
these changes [50,51]. Despite being explored mainly in
the pharmaceutical area, this technique has been
extended to other areas for the modification and stabil-
ization of a broad range of enzymes. Examples of suc-
ceeded enzyme pegylation are presented in Table 1.
Immobilization of enzymes
Enzymes are generally expensive and unlike conven-
tional heterogeneous chemical catalysts, most of them
operate dissolved in water in homogeneous catalysis
systems, leading to product contamination and ruling
out their recovery and reuse [52]. One of the most
used strategies to overcome these drawbacks is immo-
bilization. It is a technical process in which enzymes are
fixed to or within solid supports, creating a heteroge-
neous immobilized enzyme system [52]. The solid sup-
port stabilizes the enzyme structure maintaining its
activity.
Approaches used for the design of immobilized
enzymes include a variety of methods: adsorption, cova-
lent binding, entrapment with nanofibrous polymers,
nanoparticles, cross-linked enzyme aggregates, or
crystals [53]. Support binding can be physical or chem-
ical, involving weak or covalent bonds. Physical bonding
is weak and hardly able to keep the enzyme fixed to
the carrier under industrial conditions. The support can
be a synthetic resin, an inorganic polymer such as zeo-
lite or silica, or a biopolymer. Entrapment involves inclu-
sion of an enzyme in a polymer network such as an
organic polymer or silica-gel, or a membrane device
such as a hollow fiber or a microcapsule. It requires the
synthesis of the polymeric network in the presence of
the enzyme. The covalent attachment involves the
cross-linking of enzyme aggregates or crystals, using a
bifunctional reagent, to prepare carrier-free macropar-
ticles [52,53]. The ideal immobilization procedure for a
given enzyme is the one that allows a high turnover
rate of the enzyme while retaining high catalytic activity
over time. Recently, the major focus of enzyme immo-
bilization is the development of robust enzymes that
are not only active but also stable and selective in
organic solvents. Moreover, several new types of carriers
and technologies have been implemented which aimed
to enhance enzyme loading, activity, and stability
decreasing though the biocatalyst cost in industrial
applications [52,54–56]. These include: cross-linked
enzyme aggregates, microwave-assisted immobilization,
click chemistry technology, mesoporous supports, and
nanoparticle-based immobilization. The high surface-to-
volume ratio offered by nanoparticles resulted in the
Table 1. Continued
Stabilization strategies Enzyme How to… Effect Application References
Cutinase from
Fusarium solani
Immobilization of cutinase
on ewatit
Beads or in the form of
cross-linked enzyme
aggregates (CLEA)
Catalyze organic chemical
reactions
Synthesis of polyamides [135]
Medium engineering Ribonuclease Addition of sucrose, trehal-
ose, glucose, maltose and
ribose to enzyme
formulations
Increase stabilization – [66]
Lysozyme Addition of PEG mixed
solvents
Increase solubility and
stability
– [92]
Protease Addition of pyridinium and
imidazolium-based ionic
liquids
Stabilization by kosmotropic
anions and destabilization
by chaotropic anions;
Hofmeister series in
general
Food industry; wool
finishing
[136]
Enzyme encapsulation Laccase Encapsulation into in
liposomes
Increase stability Textiles and cosmetics [137]
Amylase Encapsulation into magnetic
chitosan beads
Increase stability Food industry [138]
Laccase Encapsulation in oil-in-water
proteinaceous micro-
emulsions
Increase enzyme stability at
high temperatures and
high shear stress
Textile and cosmetics [139]
Enzyme stabilization
by silk
Lipase Study the stability of lipase
on both water-soluble
and insoluble silk fibroin
films
Increase enzyme stability at
37 C without need to
use cryoprotectantes,
emulsifiers or covalent
immobilization
Lipid hydrolysis [140]
Glucose-oxidase GOx immobilized in air dried
silk films
Improved enzyme activity Ampometric sensors for glu-
cose detection
[141]
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concentration of the immobilized entity being higher
than that afforded by 2-D surface protocols [55].
Enzyme immobilization envisage between other
goals, to increase the activity of the catalyst. The
enhancement of enzyme activity upon immobilization
depends on: the microenvironment, partition effect, dif-
fusion effect, conformational change, molecular orienta-
tion, conformational flexibility, conformation induction,
and binding mode. It has been observed that many
immobilized enzymes exhibit higher activity than the
corresponding native enzyme [57–59] and only few
reports about the decrease of Km and increase Vmax
upon formation of crosslinked enzyme aggregates
(CLEAs) [60,61] (see Table 1 for other examples related
with enzyme immobilization on textile, bioremediation
industries, and polymer synthesis).
Medium engineering
Enzymes for industrial purposes are sold on the basis of
the overall activity. The manufacturer will usually rec-
ommend storage conditions and quote the expected
rate of activity loss under those conditions. It is of pri-
mary importance to the enzyme producer and customer
that the enzymes retain their activity during storage
and use. Some enzymes retain their activity under oper-
ational conditions for weeks or even months but others
do not. Excipients are required to increase the long-
term stability of enzymes following processing and stor-
age [62]. Moreover, despite enzymes are recognized by
their several advantages has biocatalysts, like bio-
degradability, high specificity, and activity under mild
conditions, they fail for most reactions when water is
not the preferable solvent. For this, enzymes must be
tolerant to the presence of organics and the medium
engineering by addition of inorganic salts, polyols, and
sugars to the enzyme aqueous solution seems to be an
efficient approach [62,63].
The structural stability of enzymes is controlled by
the interactions between protein molecules and the sur-
rounding solvent molecules [63]. Changes in the micro-
environment of the biocatalyst not only are able to
modulate the enzyme activity and stability but also to
shape the enzyme selectivity. One of the main variables
in biotransformations is the water content in the
enzyme microenvironment. The water activity is relevant
since it involves the effect of water mass action on the
chemical equilibrium [64]. Besides, the role of water is
complex and diverse, since water is able to participate
directly as a substrate, and/or during the transition
states and/or as reaction product. Moreover, water can
take part in the reaction not only directly, but in an
equally relevant role as a “‘lubricant”’, providing
solvation to polar residues of the biocatalyst and other
intervening molecules in order to facilitate protein con-
formational changes during the biocatalytic process and
to speed up the reaction. There are many different
approaches to control water activity in biotransforma-
tions, but the control of media composition is the sim-
plest one.
The role of solvents
Solvents can be categorized as: water-miscible (mono-
phasic aqueous–organic systems, including some ionic
liquid systems), non-aqueous (monophasic organic sys-
tem), water-immiscible (multiphasic aqueous–organic
systems, and most of ionic liquid systems described to
date), anhydrous systems (including solvent free sys-
tems), supercritical fluids and gas phase, and reversed
micelles. The effects of polar and non-polar solvents on
enzyme activity are quite dissimilar; both reduce the
enzyme activity for different reasons. In polar solvents,
water stripping is the major, but not the only reason for
reduction of enzyme activity. Water stripping is referred
to the ability of polar organic solvents to displace water
molecules from the protein surface, to be replaced by
solvent molecules which rigidify the molecular structure
of the enzyme and concomitantly affects the enzyme
turn-over [64]. Additionally, polar solvents can interfere
with the ionic interactions of the protein and/or break-
ing polar interactions which induce at least a partial
unfolding of the molecular structure, especially in
enzymes with polar/dipolar transitions states and inter-
mediates. High conversion efficiency in non-aqueous
homogeneous biocatalysis can be achieved only with
high enzyme solubility and stability in the water–organic
mixture.
Polyols, sugars, and salt addition (/ionic liquids)
Addition of polyols and sugars to aqueous solutions of
proteins promotes strengthening of the hydrophobic
interactions among non-polar amino acid residues, lead-
ing to protein rigidification and enhancing thermostabil-
ity [63]. Moreover, it has been postulated that the effect
of polyols on the activity of water seems to govern their
stabilization effect. Some theories state that the protect-
ive effect of sugars against destabilization when added
to the medium replace water molecules that are
removed from the hydration shells of the proteins
[63,65–68] (Figure 3). Other hypothesis postulate that
the protective moieties are excluded from the surfaces
of the protein entities and thus the available water mol-
ecules in solution can interact with the protein entity,
stabilizing its native configuration. Due to the preferen-
tial exclusion of the protective sugar moieties from the
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(immediate domain) hydration shell of protein entities,
sugar moieties shape a protective and stabilizing shield
around those biomolecules. The basis of this phenom-
enon is the difference in size between molecules of
water and those of the sugar moieties. Essentially, a shell
is formed around the protein at the radius of closest
approach between the protein and the sugar moiety, a
shell that is impenetrable to the sugar moieties but is
penetrable to water, resulting in an excess of water in
the vicinity of the protein: preferential hydration.
Preferential hydration of proteins is favored due to
stronger interactions between sugar and water mole-
cules compared to those between sugar and protein
molecules [69–71]. Such preferential exclusion increases
the chemical potential of the protein molecule
[69,72–75], proportionally to the solvent exposed sur-
face area. According to the Le Chatelier's principle, sugar
osmolytes favor the more compact state (viz, the native,
folded state, F) over the structurally expanded state (viz.
the unfolded, denatured state, U), which leads to an
increase of the Gibbs free energy change associated
with the denaturation process (F () U) in the pres-
ence of osmolytes (one should remember at this point
that DGD¼RTln([U]/[F])) [72,76–79].
In general, enzymes are stabilized by increasing their
concentration and the ionic strength of the environ-
ment. Neutral salts compete with enzymes for water
and bind to charged groups or dipoles. This may result
in the interactions between enzyme's hydrophobic
areas being strengthened and causing the enzyme mol-
ecules to compress and making them more resistant to
thermal unfolding reactions. Not all salts are equally
effective in stabilizing hydrophobic interactions, some
are much more effective at their destabilization by
binding to them and disrupting the localized structure
of water (the chaotropic effect). From this, it can be
seen why ammonium sulfate and potassium hydrogen
phosphate are a powerful enzyme stabilizers whereas
sodium thiosulfate and calcium chloride destabilize
enzymes. Many enzymes are specifically stabilized by
low concentrations of cations which may or may not
form part of the active site, for example Ca2þ stabilizes
a-amylases and Co2þ stabilizes glucose isomerases. At
high concentrations (e.g. 20% NaCl), salt discourages
microbial growth due to its osmotic effect. In addition,
ions can offer some protection against oxidation to
groups such as thiols by salting-out the dissolved oxy-
gen from solution. The stabilization property of these
efficient salts is governed by a competition phenom-
enon between salt exclusion and salt binding effects.
These salts increase the surface tension at water–
enzyme interface and strengthen hydrophobic interac-
tions by keeping hydrophobic moieties away from
water molecules [80–83]. Dissolved salts in aqueous sol-
utions have a strong influence on protein-protein inter-
actions and on the aggregates formed. The effect of
salts on protein solubility and stability have been
known for more than a century and were first reported
by Franz Hofmeister [84]. A variety of inorganic ions has
been tested for their ability to precipitate various pro-
teins from solution. The overall order of a particular
anion’s and cation’s effectiveness as a protein precipi-
tant is generally as follows:
CO32 > SO42 > S2O32 > H2PO4 > F > Cl
> Br > NO3 > I > ClO4 > SCN
N CH3ð Þ4þ > NH4þ > Csþ > Rbþ > Kþ > Naþ > Liþ
> Ca2þ > Mg2þ
Figure 3. Mechanisms for protein interaction with small and macromolecules and their effect on protein stabilization.
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Anions to the left of chloride are well hydrated and
help salt proteins out of solution. Anions to the right of
chloride generally salt proteins into solution and are
more weakly hydrated. The salting-out anions have a
higher charge-to-volume ratio and generally have fairly
weak polarizabilities [84]. Work conducted on lysozyme
provided evidence that above protein isoelectric point,
the macromolecule bears a negative charge, and a dir-
ect Hofmeister series is observed. Chaotropes like I,
ClO4
, and SCN help to unfold proteins and salt them
into solution. Kosmotropes, like SO4
2 and F, lead to
the stabilization of the folded state and cause a salting-
out effect. If the pH of the solution is below pl of the
protein, the macromolecules are net positively charged
and an inverse Hofmeister series is observed.
Chaotropic anions become more effective at salting-out
proteins from solution than kosmotropic anions [85,86]
(see Table 1 for other examples).
Ionic liquids are eco-friendly solvent media which
play an important role in several enzymatic reactions
[87]. ILs are composed of an organic cation involving
imidazolium, pyrrolidinium, pyridinium, ammonium,
quanidinium, and other cations with a variety of sub-
stituents and an organic anion (halides, tetrafluorobo-
rate, hexa fluorophosphates, and larger anions
containing sulfonynol or fluoroalkyl groups) [87]. ILs
have many favorable properties such as low vapor pres-
sure, a wide liquid range, low flammability, high ionic
conductivity, high thermal conductivity, high dissol-
ution capability toward many substrates, high thermal
and chemical stability, and a wide electrochemical
potential window [88,89]. Because of these unique
properties, ILs have been widely recognized as solvents
or (co-)catalysts in a variety of applications including
organic catalysis, inorganic synthesis, biocatalysis, poly-
merization, and engineering fluids. Typical IL cations are
nitrogen-containing (such as alkylammonium, N,N0-dia-
lkylimidazolium, N-alkylpyridinium, and pyrrolidinium),
or phosphorous-containing (such as alkylphosphonium).
The common choices of anions include halides, BF4 ,
PF6 , CH3CO

2 , CF3CO

2 , NO

3 , Tf2N
, [(CF3SO2) 2N
],
[RSO4]
, and [RPO4]
 [88].
It has been postulated that some ILs properties, such
as polarity, hydrogen-bond basicity, and nucleophilicity
of anions, Hofmeister series, hydrophobicity, and viscos-
ity, influence greatly the enzyme’s catalytic behavior
[90]. Imidazolium ILs can form H-bonded polymeric
supramolecules, so-called organized nanostructures
with polar and non-polar regions responsible for
enzyme stabilization; many ILs contain hydrophilic and
lipophilic segments which turn them amphiphilic
and behaving as surfactants forming aggregates and
micelles; due to their hydrophobic nature, the alkyl
chains of organic cations in aqueous solutions are sur-
rounded by water molecules forming “cage-like” struc-
tures so-called “hydrophobic hydration”; the inclusion
of other molecules and macromolecules into the poly-
meric IL network results in the formation of polar and
non-polar regions; the aqueous solution of free enzyme
can be surrounded by the IL network retaining its activ-
ity [91]. A considerable number of enzymes are not sol-
uble in most common ILs, being suspended in the
reaction media with low water content. Thus, the net-
work theory is not sufficient to explain the enzyme sta-
bilization by the ILs [91]. The impact of individual ions
must also be considered. The effect of ILs aqueous solu-
tions on enzyme activity follows the ion kosmotropicity
(Hofmeister series): kosmotropic anions and chaotropic
cations stabilize the enzyme, while chaotropic anions
and kosmotropic cations destabilize (see examples in
Table 1).
Polymers and surfactants
The stabilizing effect of polymers addition to enzyme
formulations may promote the exclusion of protein
molecules from part of the solvent and prevent detri-
mental effects of the environment upon the enzyme
molecules. By the inclusion of PEG, one of the most
used stabilizing polymers, protein molecules became
hydrated, explained by a steric (hindrance) exclusion
mechanism due to large difference in sizes between
water and PEG molecules, with PEG being excluded
from enzyme vicinity [63,92].
Enzyme-contained in a reverse micellar system is also
a feasible strategy for enzyme stabilization [93]. The
reversed micelle is formed by surfactant amphiphiles
self-aggregated in the bulk apolar organic solvents. The
surfactant molecules assemble themselves with the
polar head to the inner side and the apolar tail in con-
tact with the organic solvent. This self-aggregation only
occurs when the surfactant concentration is above the
critical micelle concentration (CMC). Because of the
formed polar cores, reversed micellar system allows
nanometer-sized aqueous droplets stabilized in it.
The process of enzyme solubilization in reversed
micelles results in the formation of enzyme-containing
reversed micellar system, and the entrapped enzymes
have enhanced activities under those conditions as
suited in the lipid bilayers of biological membranes [93].
The surfactant concentration influences greatly the
enzyme solubilization and its catalytic efficiency. Some
works reported the decrease of catalytic activity with
the increase of surfactant concentration in the organic
solvent [94].
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Storage stabilization of enzymes
Enzymes are generally best stored at 4 C in clean,
autoclaved glassware or polypropylene tubes. Storage
at room temperature often leads to protein degradation
and/or inactivity, commonly as a result of microbial
growth. For short-term storage (1 day to a few weeks),
many proteins may be stored in simple buffers at 4 C.
For long-term storage for 1month to 1 year, some
researchers choose to bead single-use aliquots of the
protein in liquid nitrogen for storage in clean plastic
containers under liquid nitrogen. This method involves
adding the protein solution dropwise (about 100ll
each) into a pool of liquid nitrogen, then collecting the
drop-sized frozen beads and storing them in cryovials
under liquid nitrogen.
Frozen at 20 C or 80 C is the more common form
of cold protein storage. Because freeze-thaw cycles
decrease protein stability, samples for frozen storage are
best dispensed and prepared in single-use aliquots so
that, once thawed, the protein solution will not have to
be refrozen. Alternatively, addition of 50% glycerol, ethyl-
ene glycol, or DMSO will prevent solutions from freezing
at 20 C, enabling repeated use from a single stock
without warming (i.e. thawing). These inert substances
modify the physicochemical properties of aqueous solu-
tions. They are preferentially excluded from contact with
the protein surface, being the protein molecule hydrated,
thus accounting their protective effect [63].
Dilute protein solutions (<1mg/ml) are more prone
to inactivation and activity loss as a result of low-level
binding to the storage vessel. Therefore, it is common
practice to add “carrier” or “filler” protein, such as puri-
fied bovine serum albumin (BSA) to 1–5mg/ml
(0.1–0.5%), to dilute protein solutions to protect them
against such degradation and loss. Many compounds
may be added to enzyme solutions to lengthen shelf
life, namely cryoprotectants such as glycerol or ethylene
glycol to stabilize proteins by preventing the formation
of ice crystals at 20 C that destroy the protein struc-
ture; protease inhibitors to prevent proteolytic cleavage
of proteins; anti-microbial agents such as sodium azide
(NaN3) to inhibit microbial growth; metal chelators such
as EDTA to avoid metal-induced oxidation of –SH
groups and help to maintain the protein in a reduced
state; reducing agents such a dithiothreitol (DTT) and 2-
mercaptoethanol (2-ME) to maintain the protein in the
reduced state by preventing oxidation of cysteines [95].
Enzyme encapsulation
The encapsulation of enzymes contemplates the entrap-
ment in a polymer network (gel lattice), in a silica sol–
gel, in a membrane device or in a microcapsule. The
entrapment requires the synthesis of a polymeric net-
work in the presence of the enzyme to be encapsulated
[96]. Nanoparticles have been used as enzyme immobil-
ization carriers [97]. Enzymes immobilized onto nano-
sized scaffolds like spheres, fibers, and tubes have been
reported [98]. Effective enzyme loading on nanopar-
ticles has been achieved for up to 10wt% due to a large
surface area per unit mass of nanoparticles. Overall,
nanoparticles are considered to be an ideal support for
enzyme immobilization due to their minimized diffu-
sional limitations, maximum surface area per unit mass,
and high enzyme loading capability [98]. Theoretical
and experimental studies have demonstrated that par-
ticle mobility, which is governed by particle size and
solution viscosity, can impact the intrinsic activity of the
particle-attached enzymes [97].
One of the most studied templates for enzyme immo-
bilization is the encapsulation in silica matrices. Studies
on the immobilization of enzymes within biosilica nano-
particles formed by reaction of a silicate precursor with a
silica-precipitating peptide, demonstrated that the reac-
tion rapidly formed a network of fused silica nanospheres
that entrapped the peptide [99]. These nanodevices have
been explored and demonstrated several advantages
compared with other encapsulation methods. They are
inexpensive, no need for chemical reagents for synthesis,
the immobilization occurs in seconds, the particles forma-
tion is done at mild conditions, the matrix can be dis-
solved to release the entrapped enzyme and have a high
level of stabilization uptake [98].
Most techniques for obtaining nanoparticles that
contain enzymes have been based on the so-called
“nanoentrapment” approach using the water-in-oil
microemulsion system (also called reverse micelles),
which leads to discrete nanoparticles through polymer-
ization in the water phase or water–oil interface [100].
Within these nanodevices the size and the number of
enzyme molecules within a reverse micelle is difficult to
control. To overcome this, a new synthetic approach
was reported under the name of “single enzyme nano-
particles (SENs)”, in which an organic-inorganic hybrid
polymer network of a thickness of less than a few nano-
meters was built up from the surface of the enzyme.
This approach is therefore in stark contrast to the con-
ventional nanoentrapment described above. SEN syn-
thesis consists of three steps: (i) the enzyme surface is
modified in water by acryloylation; (ii) the vinyl polymer
is grown from the enzyme surface in hexane; and (iii)
the attached polymer chains undergo orthogonal poly-
merization via silanol condensation crosslinking [100].
SENs constitute a new approach in industrial enzyme
research [101,102]. The SEN form means that every
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single enzyme molecule is surrounded with a porous
polymer matrix layer on a nanometer scale, resulting in
higher stability of the enzyme without any significant
limitation to mass transfer of the substrate from solu-
tion to the active site. Individual magnetic enzyme
nanoparticles were produced by Yang et al. (2008) via
surface modification and aqueous polymerization of
each separate enzyme molecule. Their results show that
the stability of the enzyme and organic/inorganic net-
work composites is retained over a wide pH range
(pH¼ 5.5–9.0) and at high temperatures (60–70 C) in
organic solvents [103].
One-dimensional nanostructured materials such as
fibers, wires, rods, belts, tubes, spirals, and rings have
attracted the interest for enzyme encapsulation.
Electrospun nanofibers are simple and most used for
this purpose. They are long, uniform in diameter, and
can be diversified in composition [96].
The enzyme encapsulation into liposomes is a prom-
ising strategy to stabilize and prevent denaturation. By
controlling lipid membrane permeability it is possible to
control the permeability of liposomes increasing the
permeation of the substrate. These devices allow the
stabilization of and succeed to maintain the full enzyme
function [104].
Enzyme immobilization is an important strategy to
enhance the stability and recoverability of enzymes and
to facilitate the separation of enzymes from reaction
products. However, enzyme purification followed by
separate chemical steps to allow immobilization on a
solid support reduces the efficiency and yield of the
active enzyme
Strategies that use enzymes as a buildingblock for
biomaterials have been developed to overcome some
drawbacks related with enzyme purification and chem-
ical separation. Recently, Zhou and coworkers described
polypeptide constructs that self-assemble spontan-
eously into nanofibrils with fused active enzyme subu-
nits displayed on the amyloid fibril surface. They
showed that the fibrils can be recycled and reused in
functional assays both in conventional batch processes
and in a continuous-flow microreactor [105]. They also
developed enzymatically active microgels that are stabi-
lized by amyloid nanofibrils [106]. The protein nanofi-
brils were also applied to generate colloidosome-like
two-dimensional crosslinked networks of nanostruc-
tures templated by all-aqueous emulsions, which were
nominated as fibrillosomes [107].
Enzyme stabilization by silk
Silk fibroin is a biologically derived protein from domes-
ticated silkworm cocoons and is a material with great
potential for the immobilization and preservation of
enzymes [108]. The mechanisms underlying enzyme sta-
bilization by silk fibers can be divided in two groups:
mechanisms of stabilization in the liquid state and solid
states. In the liquid state, preferential exclusion, where
silk fibroin is characterized by its steric exclusion ability
on proteins solution, and hydrophobic and electrostatic
binding. The later effect is explained by the silk’s amphi-
philic nature, allowing for shielding of exposed hydro-
phobic patches, by the high degree of hydrophobicity
and by its high charge which by interaction with pro-
tein surroundings can alter the exposed surface charge
distribution, changing the protein–protein interaction
[108]. In the solid state, the mechanisms of stabilization
are related with the water replacement hypothesis and
glass dynamics or vitrification hypothesis [108].
Major remarks and future perspectives
Enzyme stabilization does not end on the methodolo-
gies described during discussion, it is important to note
that there are procedures wherein diverse stabilization
methods have been applied simultaneously or consecu-
tively to afford the best stabilization conditions, higher
yield, and recovery of the support material after enzyme
inactivation [3].
Examples have been discussed: (i) the case of site-
directed mutagenesis of penicillin G acylase from
Escherichia coli for better immobilization [109], (ii)
immobilization followed by modification of penicillin
acylase with aldehyde-dextran [110], (iii) multipoint
covalent attachment of penicillin acylase and later
entrapping the enzyme into a hyperhydrophilic nanoen-
vironment [111], (iv) PEG-ylation and subsequent immo-
bilization of creatinine amidohydrolase for biosensor
development [112], (v) site-directed mutagenesis of
thermolysin-like neutral protease from Bacillus stearo-
thermophilus followed by immobilization [113], (vi) use
of stabilizing additives in combination with covalently
immobilized a-chymotrypsin [114], and (vii) chemical
modification of surface groups of penicillin G acylase fol-
lowed by immobilization of the modified enzyme [115].
The selection of the best stabilization approach from
the plethora of methods available is highly dependent
on the enzyme–stabilizer interactions and possible
changes in the catalytic efficiency of the enzymes.
Optimized stabilization parameters will lead to more
efficient enzymes as well as to an increase of the eco-
nomic potential of the existing enzymatic processes in
novel areas where the catalysts have not been applied
due to their instability.
The growing replacement of conventional chemical
methods in laboratories and industries by enzyme-
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based strategies demands continuous research and
improvement of the stabilization strategies. New meth-
ods and/or combination of different techniques would
allow to overcome the current limitations related with
the enzyme stabilization decreasing costs and storage
problems and improving commercialization.
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